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Earth has had a global magnetic field for at least 3.5 billion years, but if the iron-alloy in the core 
has high conductivity, it is difficult to explain this duration with energy from cooling and inner-core 
growth alone. Precipitation of light elements (e.g., magnesium, silicon, and oxygen) from Earth’s core is 
a potential alternative energy source to power the dynamo. We develop a new framework of coupled 
thermo-chemical evolution of the Earth to consider precipitation of multiple light components from the 
core and their interaction with the overlying mantle layer. The precipitated material accumulates in a 
layer at the base of the mantle which is then continuously eroded by mantle convection. We allow the 
precipitation of three species (MgO, FeO, and SiO2), including their interactions not considered by most 
previous studies. We find that MgO, SiO2, and FeO precipitation may each dominate entropy production 
depending on the choice of equilibrium constants and initial model states and that the three species 
together can explain the duration of Earth’s magnetic field across a range of plausible scenarios. Over 
the Earth’s history, we find that the core can lose ∼1–2 wt% silicon and oxygen suggesting that light 
precipitation is potentially an important process for the core compositional evolution and core-mantle 
chemical exchange. Additionally, our results show that precipitation does not, in most cases, have a 
systematic influence on the timing of inner-core nucleation or magnitude of the resulting paleomagnetic 
signal with inner-core nucleation typically around 550 Mya. However, the onset of precipitation of 
individual species could produce additional sharp increases in paleomagnetic intensity at various points 
through Earth’s history besides the inner-core nucleation event.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The Earth’s magnetic field is generated by convection in the 
outer fluid core primarily driven at present-day by the composi-
tional buoyancy provided by the expulsion of light elements from 
inner core growth. However, this mechanism may not have been 
operational throughout Earth’s history. Recent experimental and 
theoretical calculations show that the thermal conductivity of iron 
at core temperatures and pressures may be much higher than 
previously assumed (Pozzo et al., 2012, 2013; de Koker et al., 
2012; Gomi et al., 2013; Ohta et al., 2016; Williams, 2018) (see
Supplementary Section S5; also Konopkova et al. (2016); Yong et 
al. (2019) suggest lower conductivity values). The thermal evo-
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lution models for the Earth motivated with these updated val-
ues consistently find that inner core solidification began only 1.5-
0.5 Bya (Labrosse, 2015; Nimmo, 2015; Davies, 2015; Driscoll and 
Bercovici, 2014), which is broadly consistent with paleomagnetic 
measurements (Biggin et al., 2015; Bono et al., 2019) within large 
uncertainties. We have direct paleomagnetic evidence for a global 
magnetic field from at least 3.5 Bya onwards (Tarduno et al., 2015; 
Biggin et al., 2015), so the dynamo must have been powered by 
other mechanisms for the majority of the Earth’s history. Thermal 
cooling provides energy for convection. However, models require 
either potentially too high initial core temperatures (concerning 
geochemical constraints on mantle cooling over the Earth’s history, 
Keller and Schoene (2018) and references therein) or radioactivity 
(e.g. Du et al., 2017; Chidester et al., 2017) to power a dynamo for 
the required duration. Thus, there is potentially a “core paradox” 
to explain Earth’s long-lived magnetic field (Olson, 2013).
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The present-day outer core has a density deficit of 5-8% as well 
as anomalous seismic velocities with respect to the expectation 
for a pure Fe-Ni liquid (Poirier, 1994; Hirose et al., 2013). Con-
sequently, the core must contain some additional light elements 
such as Si, S, O, C, N, and H. In addition, results from experiments 
as well as models of Earth’ core formation (Fischer et al., 2017; Ru-
bie et al., 2015; Badro et al., 2015, 2016), suggest that the initial 
core may have been heated to high enough temperatures to dis-
solve many wt % of abundant lithophile elements such as Mg, Si, 
and O (besides other light elements such as C, S, and H, as well 
as trace elements). Motivated by these results, several studies have 
proposed that as the Earth cools, light elements such as Mg (Badro 
et al., 2016; O’Rourke and Stevenson, 2016; Du et al., 2017; Badro 
et al., 2018), Si, and O (Hirose et al., 2017) become supersaturated 
in the core and precipitate into the lower mantle, leaving behind a 
denser core fluid. Analogous to the crystallization of the present-
day inner core, this mechanism provides a compositional buoyancy 
source for entropy to drive the Earth’s dynamo and magnetic field 
and leads to a corresponding change in the bulk core composition 
over Earth’s history.

Most previous studies (e.g., Badro et al. (2016)) have focused on 
only a single light-element entropy source, but all three species: 
MgO, SiO2, and FeO can precipitate simultaneously. Additionally, 
these three precipitation reactions are inherently coupled through 
the oxygen concentration in the core fluid, as also pointed out by 
Du et al. (2017). Thus, a self-consistent chemical evolution model 
of the core requires the addition of the FeO equilibrium reaction 
along with MgO and SiO2.

Another critical feature of these equilibrium reactions is the 
strong influence of mantle composition on the light element pre-
cipitation from the core. The precipitation products themselves 
change the composition of the thin mantle layer in equilibrium 
with the core, leading to dynamic feedback that is coupled to man-
tle convection. This influence has not been considered in previous 
studies, which have typically assumed equilibrium of individual 
light elements with either pure phases (Hirose et al., 2017) or a 
fixed silicate composition (Badro et al., 2016). In this study, we 
develop a new framework to model the coupled thermo-chemical 
evolution of the Earth by combining models for Earth’s thermal 
evolution and Earth’s core energetics with a chemical model for 
the coupled light element precipitation from the core and its in-
teraction with the overlying mantle layer.

The primary motivation of this study is to address two re-
lated questions. First, we examine the entropy available to drive 
the dynamo through Earth’s history when including self-consistent 
feedback from the mantle (Nimmo, 2015). We are especially fo-
cused on ascertaining whether multiple light elements can provide 
the required entropy even if a single species is insufficient (e.g. Du 
et al., 2017).

Second, we calculate the compositional evolution of Earth’s core 
from core formation to present-day. Recent estimates of initial 
core composition from planetary accretion models prefer a re-
duced core with more silicon than oxygen to reproduce the mantle 
composition, especially the composition of slightly siderophile ele-
ments (vanadium and chromium), moderately siderophile elements 
(nickel and cobalt) as well as Fe (Siebert et al., 2012; Rubie et al., 
2015; Fischer et al., 2017; Piet et al., 2017) (Supplementary Fig-
ure S1 with constraints from Fischer et al. (2017); Siebert et al. 
(2013)). Similarly, we have constraints on the present-day compo-
sition from seismic observations and mineral physics studies (e.g. 
Badro et al. (2015); Oka et al. (2019)) (Supplementary Figure S1 
with constraints from Badro et al. (2015); Alfè et al. (2004)). Us-
ing our model, we assess the role of light element precipitation 
in the evolution of the core’s light element composition, and we 
test if there are potential thermo-compositional histories that can 
connect estimates of initial and current core compositions. Finally, 
we also analyze the core’s available entropy through time for any 
potentially observable features in paleomagnetic records.

2. Model description

We model Earth’s thermal evolution using a coupled core-
mantle thermodynamic model following the methods of Steven-
son et al. (1983) for parameterized mantle convection and Nimmo 
(2015) for core thermodynamics. To this system of equations, we 
add equilibrium chemical reactions between the core and the man-
tle. Material that precipitates out of the core builds up in a thin 
mantle layer, altering its composition over time. This thin layer 
also moves with the background mantle convection, which brings 
fresh material in contact with the core and removes precipitated 
elements over time and setting up the “conveyor belt” system 
depicted in Fig. 1. The evolving layer composition governs the pre-
cipitation of light elements from the core into the mantle, which 
contributes to the heat and entropy budget of the Earth. These 
coupled relations are cast as a system of first-order Ordinary Dif-
ferential Equations (ODEs) and solved forward in time from Earth’s 
formation (post Moon-forming impact) to the present day.

Because we wish to model the precipitation of Mg and Si out 
of the core, we only track (Mg, Fe)SiO3 in the mantle and do 
not include Ca-containing or Al-containing bridgmanite. Similarly, 
we track (Mg, Fe)O ferropericlase and SiO2 but do not consider 
calcium-silicate perovskite (CaSiO3). We track Fe, Mg, Si, O in the 
core as individual species. These species exchange with the mantle 
through the following equilibrium reactions:

MgO (mantle) ↔ Mg(metal) + O (metal) (1)

SiO (mantle)
2 ↔ Si(metal) + 2O (metal) (2)

FeO (mantle) ↔ Fe(metal) + O (metal) (3)

as is schematically illustrated in Fig. 1.
The composition of the mantle interaction layer consists of 

MgO, SiO2, FeO, MgSiO3, and FeSiO3. The total number of moles 
of each species are tracked and governed by the following equilib-
rium reactions:

MgSiO 3 ↔ MgO + SiO 2 (4)

FeSiO 3 ↔ FeO + SiO 2 (5)

FeSiO 3 + MgO ↔ FeO + MgSiO 3 (6)

A detailed discussion of our model framework and assumptions is 
provided in Supplementary Section S2, S3 and S4. In the follow-
ing, we highlight a couple of the key features of our model and 
parameter choices.

2.1. Interaction layer dynamics

In order to model the “conveyor belt” system, we include a 
layer erosion term in our ODE system to bring the layer composi-
tion back to the background mantle composition. We initialize the 
interaction layer to be in equilibrium with the initial core fluid. 
Along with the chosen layer thickness, this condition sets the ini-
tial total number of moles Mi of each species i in the layer. The 
time evolution of the layer composition is controlled by the rate of 
light element precipitation as well as advective mixing rate with 
the background mantle (Mi,b , a background mantle layer of equiva-
lent thickness to the interaction layer). In order to model this later 
processes, we created an empirical function that pushes the man-
tle interaction layer composition towards the background mantle 
composition over a e-folding timescale τ
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Fig. 1. Schematic representation of the chemical and dynamic interactions between Earth’s core and mantle.
(
dMi

dt

)
erosion

= sgn(Mi,b − Mi)

τ
[(|Mi/Mi,b − 1| + 1)2 − 1] (7)

This equation can be easily converted into a derivative with respect 
to temperature for compatibility with the thermodynamic model 
using the change in CMB dTcdt to obtain

(
Mi

dT

)
erosion

=
(

Mi
dt

)
erosion

dTc
dt

(8)

In the absence of continued precipitation, this expression returns 
the layer composition to the background mantle composition on 
the timescale of mantle convection ∼ 10τ . In present day, the total 
timescale for material advection along the outer core boundary is 
order 600 Mya using an average mantle velocity equal to a typical 
surface plate speed of 6 cm/yr (Müller et al., 2016). Consequently, 
in this study, we assume a present day τp of 60 Mya. Since the 
mantle interior velocities scale directly with the mantle Rayleigh 
number (Foley and Bercovici, 2014), we expect τ to be smaller for 
early Earth which has had more vigorous convection. Consequently, 
we set τ0 = τp/8 based on the median value of high surface ve-
locities estimated using paleomagnetic data for early Earth (Piper, 
2013; Weller and Lenardic, 2018). At intermediate times t , we set 
the τ using an exponential relationship varying between these val-
ues with a exponential timescale Ttau of 1 Bya:

τ (t) = τ0 + (τp − τ0)(1 − e
−t
Ttau ) (9)

2.2. Equilibrium coefficients

We compute equilibrium constants for each core and mantle 
species (MgO, FeO, and SiO2) using the form used to fit a variety 
of experimental datasets:

Ki = 10a+b/T+cP/T (10)

There is considerable debate about the value of equilibrium 
constants at CMB temperatures and pressures, leading previous 
studies to conclude that either Mg or Si precipitation is the domi-
nant source of entropy to power the dynamo. We model the evolu-
tion of the Earth using two sets of published equilibrium constants 
to compare results, which we call Parameter Set 1 and Parameter 
Set 2 (Table 1). For both the Parameter Sets 1 and 2, we use the 
equilibrium values for the MgO reaction from Badro et al. (2016). 
In Parameter Set 1, we use Fischer et al. (2015) for the constants 
for the SiO2 and FeO reaction while we use Hirose et al. (2017) for 
the corresponding equilibrium constants in Parameter Set 2.

We did not incorporate the full expression given in Hirose et 
al. (2017) since it introduces numerical complexities in our model
Table 1
Equilibrium constants for two different parameter sets. We use the equilibrium 
values for the MgO reaction from Badro et al. (2016) for both parameter sets. In 
Parameter Set 1, we use Fischer et al. (2015) for the constants for the SiO2 and FeO 
reaction. In Parameter Set 2, we use values from Hirose et al. (2017).
Equilibrium constant Parameter Set 1 Parameter Set 2

aMgO 1.23 1.23
bMgO (K) −18816 −18816
cMgO (K/GPa) 0 0
aFeO 0.60 −0.3009
bFeO (K) −3800 0
cFeO (K/GPa) 22 −36.8332
aSiO2 1.3 (see text)
bSiO2 (K) −13500 (see text)
cSiO2 (K/GPa) 0 (see text)

due to non-zero activity coefficient terms (see discussion in Sup-
plementary material S2.2 of our choice of setting all the activity 
values to unity). We however found that adding a factor of 2 em-
pirical correction provides a fairly accurate approximation to the 
full expression given in Hirose et al. (2017) over the range of 
changing silicon and oxygen contents in our calculations. Conse-
quently, for Parameter Set 2, the value for KSiO2 is:

KSiO2 = 2
(
KSiO2,P1

)(
KFeO ,P2

)2
(11)

where KSiO2,P1 and KFeO ,P2 are the equilibrium constants for SiO2
and FeO from Parameter Sets 1 and 2, respectively. Finally, since 
the variation between the Parameter Set 1 and Parameter Set 2 
values is larger than the reported uncertainty in the fit values for 
the equilibrium constants in each study, we chose to fix the pa-
rameter value to the reported best-fit value from each study.

2.3. Thermodynamic model

We modified the Nimmo (2015) model by including gravi-
tational and latent energy release through precipitation in the 
computation of heat evolution with Q̃ g,ex = Q̃ g,MgO + Q̃ g,FeO +
Q̃ g,SiO2 and similarly for Q̃ L,ex . Here, Q̃ i = Q i/

Tc
dt simply denotes 

a change from time to temperature derivatives (see Eqn. 73 in Ref. 
Nimmo (2015)). The other terms contributing to the energy bal-
ance for the core include terms associated with inner core growth 
(latent heat Q̃ L and gravitational energy release Q̃ g ), secular cool-
ing Q̃ s , and energy production from volumetric radioactive heating 
in the core (Q R , See Supplement S). The overall energy conserva-
tion equation for the core is:

Q̃ T = Q̃ s + Q̃ g + Q̃ L + Q̃ g,ex + Q̃ L,ex (12)

QCMB = Q R + Q̃ T
Tc (13)

dt
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where QCMB is the CMB heat flux. Correspondingly, the entropy 
available to drive a dynamo field is:

�E = ER + Ẽ T
dTc

dt
− Ek (14)

where ER is the entropy production from radioactive heating, Ek
is the entropy change due to thermal diffusion in an adiabatic 
core and Ẽ T includes the corresponding terms to Q̃ T except the 
latent heat from precipitation. This latent heat term does not con-
tribute to the entropy production in the core as heat released at 
the CMB does not contribute to thermal convection. In our model, 
inner core growth does not change the composition of the outer 
core but does contribute to the core thermal and entropy evolu-
tion. Additionally, we only allow Mg, Si, and O to precipitate out 
of the core but do not allow the reverse direction. We assume that 
any light elements that dissolve from the mantle into the core fluid 
would form a thin stratified layer at the CMB which would remain 
buoyantly stable.

As described in the Supplementary section S2.5, we obtain time 
evolution equations for the chemical components in the core and 
the mantle layer. We start the model with some initial tempera-
tures for CMB (TCMB ) and upper-mantle (TUM ) Tc,0 and the initial 
composition of the core MFe, MMg, MSi, MO . We set the initial in-
teraction layer composition by requiring it to be in equilibrium 
with the core at the initial temperature. At each subsequent time-
step in the model, we then use the model to calculate the evo-
lution of TCMB , TUM , and molar concentrations Mi over time to 
calculate the light element precipitation (see Supplementary sec-
tion S3).

3. Results & discussion: entropy evolution

With this model framework, we calculate the coupled thermo-
chemical evolution of the Earth’s core and mantle starting with 
initial conditions of a core temperature and a core fluid composi-
tion of XMg , XSi , and XO (Xi are mole fractions of i = Mg, Si, and 
O) with the other parameters as described in the previous section 
(also see Supplement Section S1).

We first illustrate the importance of coupled core-mantle chem-
ical exchange and mantle interaction layer dynamics. Since the 
principal motivation of our study is to address the “core paradox” 
of Earth’s long-lived magnetic field, the primary variable of interest 
is the entropy available for magnetic field generation (Supplemen-
tary Material S2.3). Although the amount of entropy required for 
the present-day field is very uncertain, most estimates are on the 
order of a few hundred MW/K (Nimmo, 2015). We discuss the 
evolutionary history of the core for a fixed set of initial condi-
tions to describe typical model behavior. We follow this discussion 
by exploring different evolution histories wherein light element 
precipitation (either MgO, FeO, or SiO2) or secular cooling terms 
dominates the entropy production.

3.1. Importance of coupling terms

Since our model framework is significantly more complicated 
than most previous studies (e.g. Hirose et al., 2017), it is crucial 
to examine whether this added complexity has an impact on the 
evolutionary histories. We examine this by performing model sim-
ulations with the various entropy contributions terms wherein we 
start with the same initial conditions and systematically switch off 
various components of our additional model. Fig. 2 shows the re-
sults of this analysis with the various entropy contributions term 
as well as the available entropy. All panels use the same initial 
conditions of a core temperature of 5700 K and a core fluid com-
position of XMg : 0.01, XSi : 0.12, and XO : 0.08 along with Parameter 
Set 1 for the equilibrium coefficients.
In the base case (Fig. 2a), precipitation of MgO, FeO, and SiO2
all operate, and the interaction layer is removed on the timescale 
τ . In Fig. 2b, the only light element allowed to precipitate from the 
core is FeO. In Fig. 2c and Fig. 2d we prevent the precipitation of 
MgO and SiO2 respectively. We also explore two endmember cases 
for the removal of the interaction layer wherein the layer is not 
removed (Fig. 2e, very large τ ) or the layer is removed instantly 
(Fig. 2 f , very small τ ).

In comparison to the base case, the light element precipitation 
and available entropy histories for each of the test cases are sub-
stantially different. Preventing the precipitation of one of the three 
light elements can strongly affect the precipitation history of the 
other species through both the coupled reactions as well as an 
influence on the core’s cooling rate (Fig. 2, cases a, b, c, and d). 
Furthermore, we find that depending on the model choices, differ-
ent light elements may precipitate out even with the same starting 
conditions. For instance, FeO only precipitates from the core when 
Mg is not allowed to enter the mantle (cases a vs. b and c). As a 
consequence, it should not be surprising that different choices for 
the scope of analysis, for example, including only Mg or Si precip-
itation, give different results compared to the fully coupled base 
case.

We also find that the total entropy available for dynamo action 
in the core is substantially larger for the base case (case a) vis-a-vis 
cases where some of the elements are not allowed to precipitate 
out (cases b,c, and d). In Fig. 2b and Fig. 2c, there are some parts 
of Earth’s history wherein the available entropy is potentially in-
sufficient. However, this is not the case for the base case a. Finally, 
we find that the rate of layer removal has a substantive impact 
on both the composition and rate of the light element precipitate. 
When the thin mantle layer is not swept away by mantle con-
vection (as has been assumed by most prior studies), precipitation 
of all three species occurs with a continuous precipitation history 
(case e). In contrast, instantaneous layer removal suppresses pre-
cipitation of some oxides and leads to the initiation of different 
species precipitating at different discrete periods in Earth’s history 
(case f ).

3.2. Thermal and entropy evolution history

We illustrate the model behavior using an example model re-
sult for an initial core temperature of 5700 K, Parameter Set 1 
for the equilibrium coefficients, and the core fluid composition of 
XMg : 0.01, XSi : 0.12, and XO : 0.08 (see Methods Section for other 
model parameters). The entropy and Core-Mantle Boundary heat 
flow results of this calculation are shown in Fig. 3.

Initially, the core cools rapidly as illustrated by the high CMB 
heat flow. There is a consequent high entropy production from 
super-adiabatic cooling (blue dashed curve) and radioactive com-
ponents (green dotted curve) in the core. As the core cools, the 
Si in the core fluids gets supersaturated and starts to precipitate 
out at about 4 Bya before present (dark green curve). The precip-
itation of Si provides an entropy source since the core fluid left 
behind has a higher fraction of Fe and is thus denser, providing 
a compositional buoyancy source. Since compositional buoyancy is 
an efficient source of entropy to drive core convection, SiO2 precip-
itation leads to a net increase in the available entropy at around 4 
Bya. Additionally, the precipitation of SiO2 has an associated la-
tent heat, which leads to a sharp reduction in the core cooling 
rate. With further heat loss, the Si precipitation continues until 
the core-mantle composition and temperature conditions reach Mg 
saturation in the core around 2.8 Bya before present. MgO precip-
itation has an analogous influence on entropy and heat flow as 
SiO2 has. The consequent reduction in core cooling rate, as well as 
the change in mantle layer composition, reduces the rate of SiO2
precipitation (see Fig. 3). Nevertheless, the attendant drop in en-
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Fig. 2. Comparison of model results for fixed initial conditions and varying precipitate components and layer removal timescale. (a) The reference case wherein precipitation 
of MgO, FeO, and SiO2 are all turned on, and the interaction layer is removed on a timescale τ . Other panels show the entropy history for cases with no MgO or SiO2

precipitation (b), No MgO precipitation (c), No SiO2 precipitation (d), the interaction layer is not removed (e), and the interaction layer is removed instantaneously (f).
tropy is counter-balanced by Mg related precipitation leading to 
a net increase in available entropy at MgO precipitation initiation. 
Finally, inner core nucleation around 600 Mya before present sig-
nificantly reduces the core’s cooling rate with the latent heat from 
ICB dominating the net CMB heat flow. This cooling rate reduc-
tion suppresses precipitation of both Mg and Si from the core, and 
inner-core entropy production dominates over all other sources. 
This model example clearly illustrates the role of different light 
element precipitates as sources of available entropy during Earth’s 
history as well as their direct coupling with the core thermody-
namics and mantle composition.
3.3. Representative histories with different dominant sources of entropy

We find that all three light element species: MgO, FeO, and 
SiO2 can precipitate from the core during the Earth’s history with 
the precipitation rate and dominant precipitation component vary-
ing substantially depending on the initial core composition and 
chosen equilibrium constants. As an illustration, we show repre-
sentative model results in Fig. 3 where the largest time-averaged 
entropy source (main source) ranges from SiO2 precipitation in 
Fig. 3a, MgO precipitation in Fig. 3b, cooling in Fig. 3c, and FeO 
in Fig. 3d. The results for Fig. 3a, b, and c use equilibrium values 
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Fig. 3. Entropy production in the core (I) and Core Mantle Boundary heat flow (II) over Earth’s history for four different representative parameter sets with varying initial 
concentrations of Mg, Si, and O that represent results in which SiO2 precipitation dominates (Parameter Set 1) (a), MgO precipitation dominates (Parameter Set 1) (b), cooling 
dominates (Parameter Set 1) (c), and FeO precipitation dominates (Parameter Set 2) (d). The input parameter values for each model run are stated on the respective figure 
panel. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
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from Badro et al. (2016); Fischer et al. (2015) (Parameter Set 1) 
while Fig. 3d result uses Badro et al. (2016); Hirose et al. (2017)
(Parameter Set 2) values. The initial core temperatures and initial 
amounts of Mg, Si, and O in the core vary between the four cases 
and are labeled in the figure.

It is important to note that even in cases for a single dominant 
entropy source, multiple other sources may still provide a signif-
icant contribution to the total available entropy. For instance, for 
the cooling dominated model run (Fig. 3c), a substantial amount 
of entropy is provided by light element precipitation. These model 
results highlight why a self-consistent coupling of the core-mantle 
chemical interaction is critical since it strongly affects the initia-
tion time and rate of light element precipitation.

4. Results & discussion: parameter space exploration

The primary parameters in our model are the initial core tem-
perature, the core fluid composition (XMg , XSi , and XO ), and the 
two sets of choices for equilibrium constants - Parameter Set 1 
and 2. Since initial conditions are not well constrained for the early 
Earth due to the uncertainties of temperatures, pressures, and core 
compositions in the core formation processes (e.g. Badro et al., 
2016; Fischer et al., 2017), we sampled from a wide parameter 
space for each Parameter to explore the possible range of entropy 
histories and assess the ability of multiple light elements to pro-
vide the required entropy (see Supplementary Material S1 for the 
parameter ranges and other parameters).

4.1. Valid models

From amongst the wide parameter space results, we chose only 
results where

• Present-day inner core size is within 10% of the measured 
value of 1220 km

• Available entropy for driving the dynamo is greater than zero 
for the whole Earth history

• Either the present-day core composition matches seismic con-
straints (Badro et al., 2015) and minimum oxygen requirement 
for inner core density jump (Alfè et al., 2002) or the initial 
core fluid compositions is based on planetary accretion mod-
els (Siebert et al., 2012; Rubie et al., 2015; Fischer et al., 2017) 
(see Supplementary Fig. S1 for a permissible range of Si and 
Oxygen in the core fluid).

We follow the terminology in Fischer et al. (2017) to describe 
combinations of core Si, O concentrations as reference reduced 
case (preferred model case with results similar to their reduced 
case) wherein all accreted planetary material originating inside of 
2 AU has an oxygen fugacity f O2 of IW-3.5 while that from outside 
of 2 AU is oxidized (IW-1.5). Additionally, the oxidized case refers 
to the scenario wherein all the accreted material has an oxygen 
fugacity f O2 of IW-1.5). The mean bulk planetary oxidation state 
at the end of accretion for these two cases is −2.3 (reference re-
duced) and −1.47 (oxidized) relative to the IW buffer (Fischer et 
al., 2017). The former is close to the current redox of the bulk 
Earth of around −2.3 (Siebert et al., 2013). The parameter space 
for the reference reduced and oxidized core Si and O composition 
is marked by the green and red boxes in Supplementary Figure S1. 
We also include another estimate of the Si and O content of the 
core from a similar type of analysis by Siebert et al. (2012) as a 
yellow envelope in Supplementary Figure S1.

Similarly, we use the constraints for present-day composition 
from Badro et al. (2015). The black line in Supplementary Figure S1 
denotes a region including up to 3 wt% S and 7 wt% C, while the 
purple shaded region includes no C or S, i.e., the core composition 
required to satisfy seismic observations with only Si and O. Finally, 
it has been suggested that at least 2 wt% oxygen in the present 
day core is required to explain the observed inner-core boundary 
density jump 2 wt% oxygen (Alfè et al., 2002). We use this as an 
additional constraint in concert with the seismic based constraints 
from (Badro et al., 2015).

In our model, the present-day CMB temperature is not a free 
parameter, as we require the inner-core size to match the present-
day inner core within 10%. As a consequence, the CMB temperature 
at present is automatically constrained to be within ∼10% of the 
4180 K value from Nimmo (2015) since we use their formulation 
to compute the core adiabat to find the inner-core radius from 
CMB temperature. Since we do not include a change in core fluid 
composition due to inner core growth, our modern-day light ele-
ment compositions will be biased slightly too low. However, since 
the inner core represents only 5% of the core’s mass, we do not ex-
pect its crystallization and growth will not significantly change the 
bulk outer core light element concentration, especially given the 
other uncertainties in the compositional constraints (e.g., Nimmo 
(2015); Badro et al. (2015)).

4.2. Valid entropy histories

We show the available entropy over time for the subset of 
valid histories from our model in Fig. 4a (for Parameter Set 1) 
and Fig. 5a (for Parameter Set 2). The dominant source of en-
tropy through Earth’s history colors each line. If cooling produces 
the majority of entropy of Earth’s history, the line is colored red; 
otherwise, the line is colored according to the light-element that 
provides the largest time-averaged entropy source over Earth’s his-
tory: MgO (blue), FeO (pink), and SiO2 (green). In other panels of 
Fig. 4 (b-d) and Fig. 5 (b-e), we show the fractional contribution 
of the cooling term, SiO2, MgO, and FeO precipitation to the total 
available entropy over time.

We find that a wide variety of entropy histories are possi-
ble depending on the initial composition and temperature of the 
core. The entropy available for magnetic field generation through-
out Earth’s history ranges from 0.3× to 4× the present-day value 
but is almost always sufficient to drive a dynamo over the whole 
Earth’s history. In all histories, we find that even if the entropy 
production is dominated by one term, the other sources typically 
still provide significant contribution (also see discussion in Sec-
tion 3.3). This result again highlights the importance of coupling 
the precipitation of multiple light element species consistently.

For Parameter Set 1 (Fig. 4), the dominant entropy source in our 
valid models is either cooling or precipitation of SiO2 or MgO with 
a minor contribution from FeO. Interestingly, we find that sud-
den increases in available entropy occur once or multiple times 
in many histories between 4.5 and 2.5 Bya as different species 
cross their equilibrium thresholds and begin to precipitate. Post 
2.5 Bya, the entropy histories are smooth up until a jump due 
to inner core nucleation. In our valid models, the onset of SiO2
precipitation usually occurs in the first 1 Bya of Earth evolution 
(Fig. 4c), while the onset of MgO precipitation can occur up to 
more than 2 Bya after formation (Fig. 4d). Precipitation dominates 
the entropy production for the majority of these histories before 
inner-core nucleation (Fig. 4b), and both MgO and SiO2 begin to 
precipitate prior to inner-core nucleation in all valid histories. En-
ergy release from inner-core growth greatly increases the available 
entropy (Fig. 4a), decreases the core cooling rate (Fig. 4b) and sup-
presses precipitation of light elements (Fig. 4c-d). We find that 
the entropy contribution from the cooling term is, unsurprisingly, 
larger for higher initial CMB temperatures and is restricted to a 
small overall range for all valid model runs. In contrast, the avail-
able entropy from SiO2 and MgO precipitation span a large range 
with a weak anti-correlation between the two terms.
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Fig. 4. Entropy production through time with Parameter Set 1 equilibrium coefficients (see Section 2.2, Badro et al. (2016); Fischer et al. (2015)). a) All permissible total 
available entropy histories through time with the color representing the time-averaged dominant entropy source (red=cooling, green=SiO2, blue=MgO). The fractional 
contribution to the total available entropy over time by cooling (b), SiO2 (c), and MgO (d) precipitation are shown in panels b-d. Cooling produces a significant fraction of 
total entropy, even in histories dominated by precipitation (b). In all histories, inner-core nucleation produces an increase in available entropy, and significantly decreases the 
entropy production of all other sources by decreasing the core cooling and precipitation rate.
For Parameter Set 2 (Fig. 5a), we find a similar trend in available 
entropy over time as for Parameter Set 1, but typically with much 
higher rates of precipitation and consequent entropy production. 
In contrast to the results in Fig. 4, the dominant entropy source is 
either precipitation of SiO2 or FeO along with a few cases where 
MgO dominates. The light element precipitation always produces 
greater total available entropy through time than cooling though 
cooling still provides a substantial contribution to the available 
entropy (Fig. 5b). The sudden increases in available entropy due 
to the start of a light element precipitation reaction is limited to 
4.5 and 3 Bya. Analogous to the other parameter set, the onset of 
SiO2 precipitation usually occurs in the first 1.5 Bya of Earth evo-
lution (Fig. 5c) whereas FeO precipitation generally starts almost 
always at the start in the early 10s of Mya of the model start time 
(Fig. 5e). After 3 Bya, the entropy histories are generally smooth 
until a jump due to inner core nucleation, though is more vari-
ance in the entropy histories between the SiO2 and FeO dominated 
cases compared to Parameter Set 1. Akin to results from Parameter 
Set 1, the entropy contribution from the cooling term is restricted 
to a small overall range for all valid model runs while available en-
tropy from SiO2, FeO, and MgO precipitation spans a broad range 
with very weak anti-correlation between the three terms.

Although the results from Parameter Set 1 and Parameter Set 2 
are to first-order similar in that all valid models have sufficient en-
tropy available, the light elements that precipitate can be different. 
For instance, FeO precipitation can dominate entropy production 
for Parameter Set 2, whereas it is generally negligible for Parame-
ter Set 1. The primary reason for this difference is that especially 
for FeO, the Parameter Set 2 distribution coefficients have a much 
stronger temperature as well as an overall lower equilibrium co-
efficient w.r.t. Parameter Set 1. This difference, in turn, leads to 
earlier and more rapid precipitation of oxygen and iron from the 
core. Additionally, this difference in equilibrium coefficients leads 
to most valid model histories with Parameter Set 2 having a much 
earlier onset of precipitation vis-a-vis Parameter Set 1.

This result illustrates that the choice of the equilibrium coef-
ficients strongly affects model results and likely dominates over 
other sources of uncertainties.

5. Results & discussion: inner core nucleation

We find a consistent increase in available entropy at the on-
set of inner core nucleation (ICN) across all valid runs, in contrast 
with some previous work (Du et al., 2017) (Fig. 6). In general, we 
find a decrease in available entropy in 1 Byas before inner core 
nucleation (especially for Parameter Set 1), potentially suggesting 
a low magnetic field intensity before inner core nucleation. The 
timing of inner-core nucleation is not significantly affected by the 
strength of light-element precipitation using values from either Pa-
rameter Set 1 or Set 2, with both constants giving an inner-core 
age of 400-700 Mya (Fig. 6). Interestingly, these results are very 
consistent with recent measurements of low magnetic field inten-
sity in the Ediacaran, which have been interpreted as a pre-cursory 
signature of inner core nucleation (Bono et al., 2019). However, 
we would note that the many uncertain parameters in both the 
core and mantle thermal model (e.g., mantle adiabat and melting 
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Fig. 5. Entropy production through time with Parameter Set 2 equilibrium coefficients (see Section 2.2, Badro et al. (2016); Hirose et al. (2017)). a) All permissible total 
available entropy histories through time with the color representing the time-averaged dominant entropy source (pink=FeO, green=SiO2, blue=MgO). The precipitation 
always produces greater total available entropy through time than cooling. The fractional contribution to the total available entropy over time by cooling (b), SiO2 (c), 
MgO(d), and FeO (e) precipitation are shown in panels b-e. Cooling produces a significant fraction of total entropy, even in histories dominated by precipitation (b). In all 
histories, inner-core nucleation produces an increase in available entropy, and significantly decreases the entropy production of all other sources by decreasing the core 
cooling and precipitation rate.
properties, mantle viscosity, and radiogenic heat production) can 
strongly impact the age of ICN (Davies, 2015; Nimmo, 2015) and 
hence our results should not be considered definitive.

However, the relationship between the strength of precipita-
tion and the size of entropy increase with inner core nucleation, 
as well as the magnitude of entropy increase at ICN, is not the 
same for the two-parameter sets. We find that for Parameter Set 1, 
the entropy increase at ICN ranges from 50-350% and shows no 
clear relationship with either the average entropy from light el-
ement precipitation or what species is the dominant contributor 
to the available entropy (Fig. 6a, b). In contrast, the entropy in-
crease at ICN ranges from 5-200% for Parameter Set 2, and there is 
a clear negative relationship between the strength of FeO precipi-
tation and the size of the inner-core entropy jump (Fig. 6c, d).

It is important to note that ICN is commonly not the only en-
tropy jump in our models. As illustrated in some of the model 
results in Fig. 3, Fig. 4, and Fig. 5, we find sudden increases in 
available entropy as different species begin to precipitate. Typically, 
these jumps occur before 2.5 Bya and should be distinguishable 
from an ICN jump. If these jumps produce observable signals in 
paleointensity records as has been suggested for ICN (e.g. Biggin 
et al., 2015; Smirnov et al., 2016; Sprain et al., 2018; Bono et 
al., 2019), the timing, and magnitude could provide constraints on 
the thermochemical evolution of Earth’s core. We would, however, 
note that the relationship between core entropy production and 
field strength has uncertainties (e.g. Nimmo, 2015) that will have 
to be addressed to utilize the paleomagnetic observations.

6. Results & discussion: core compositional evolution

Our subset of valid model results allows us to directly track 
the evolution of the core composition over the Earth’s history and 
compare it with constraints on the initial and present-day com-
position. All histories falling within the present-day seismic con-
straints and including more than 2 wt% O, as well as all histories 
falling within estimates for initial core compositions are plotted in 
Fig. 7a-b and Fig. 8a-b for Parameter Sets 1 and 2 respectively. The 
panel a for each of the figures shows the initial wt % of Si and O 
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Fig. 6. Variations in the entropy increase from inner core nucleation depending on its nucleation timing (a, c) and precipitation strength (b, d) given Parameter Set 1 values 
Badro et al. (2016); Fischer et al. (2015) (a, b) and Parameter Set 2 values Badro et al. (2016); Hirose et al. (2017).
in the core for the allowed model runs whereas the panel b plots 
the present-day wt % of Si and O in the core fluid.

In our thermochemical models (within the parameter space we 
explored), it is difficult to evolve from an initial core with more 
silicon than oxygen as proposed by formation models to a present-
day core with the opposite ratio as preferred by seismic constraints 
using either set of constants. We find that models run for Parame-
ter Set 1 consistent with more reduced initial composition do not 
result in present-day cores that match seismic constraints when 
considering only Si, O, and Mg (Fig. 7b). Even allowing the in-
clusion of up to 3 wt% S and 7 wt% C (using seismic constraints 
from Badro et al. (2015)) only gives a few histories (Fig. 7b, yel-
low box) that satisfy both initial and final constraints at the very 
edge of each range. Besides, it is still unclear whether these few 
cases can explain the inner-core boundary density jump with less 
than 2 wt% oxygen (Alfè et al., 2002). This challenge of matching 
both constraints from formation models and seismic observations 
is even more significant with Parameter Set 2 (Fig. 8b).

On the other hand, estimates from formation models that sat-
isfy seismic constraints for present-day compositions require oxi-
dized initial conditions for the core for both Parameter Set 1 and 
Set 2. We find that all of the evolutionary histories consistent with 
present-day seismic constraints for Parameter Set 2 have negligi-
ble Si in the present-day core, and the dominant entropy source 
is FeO. In contrast, the present-day core can have up to 3 wt% Si 
for Parameter Set 2. Also, there is a strong trade-off between the 
permissible present-day core concentrations of Mg and O (Fig. S2 
and S3) with cores that have more than 2 wt% oxygen also hav-
ing less than 0.25 wt% Mg for both Parameter Sets. Likewise, there 
are trade-offs for the permissible range of present-day core Mg, Si, 
and O wt% s (Fig. S2 and S3). These model results are on account 
of two moles of oxygen precipitating with every mole of silicon. 
On average, histories using equilibrium constants for Parameter Set 
1 lose between 0-1 wt% Si, 0.5-2 wt% O, and 0-2 wt% Mg over 
Earth’s history (Fig. 7c-e) while the decrease is between 0-1.5 wt% 
Si, 0.5-6 wt% O, and 0-1 wt% Mg for Parameter Set 2 (Fig. 8c-e). 
Consequently, our results illustrate that the core can be signifi-
cantly depleted in light elements at the present day compared to 
core formation. Liu et al. (2019) find broadly similar results with 
their analysis and require a Si and O-rich initial core composition 
to produce light element precipitation for all of Earth’s history.

We would note that our results do not definitively show that 
estimates of initial core composition and modern composition are 
in conflict with each other given the large potential parameter 
space and model simplifications (see Supplement Section S2.2, 
S2.4, S4; see discussion in Section S7.1). However, our results do 
illustrate that light precipitation from the core and its coupling 
with mantle processes is an important process for the core com-
positional evolution and should be explicitly considered in future 
models.

7. Conclusions

We have used a coupled chemical thermodynamic framework 
to calculate the energy budget and chemical interaction over the 
entire history of the Earth’s core. We find that for a wide range 
of parameter space, precipitation of three light element species – 
MgO, SiO2, and FeO – can provide sufficient entropy to drive the 
dynamo with multiple species precipitating in most cases (see
more discussion in Supplementary S7).
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Fig. 7. Parameter Set 1: Viable model runs matching either a) the initial core composition, (b) the present day core composition, or both, and the corresponding change in 
(c) silicon content, (d) oxygen content, and (e) magnesium content for these models. The arrows in the figure illustrate the mapping between initial and present-day core 
compositions.

Fig. 8. Parameter Set 2: Viable model runs matching either a) the initial core composition, (b) the present day core composition, or both, and the corresponding change in 
(c) silicon content, (d) oxygen content, and (e) magnesium content for these models. The arrows in the figure illustrate the mapping between initial and present-day core 
compositions.
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In previous studies, the mantle side of the precipitation reac-
tion was not adequately taken into consideration. We find that the 
precipitated MgO, SiO2, and FeO that collects in the interaction 
layer buffers further precipitation until the layer is swept away by 
background mantle convection. This process alters the timescale 
of precipitation and hence, entropy production available to power 
Earth’s early dynamo. The “conveyor belt” mechanism resulting 
from mantle convection prevents the interaction layer containing 
precipitated chemical species MgO, FeO, and SiO2 from growing 
large enough to become buoyantly unstable in contrast with what 
has been previously suggested (Helffrich et al., 2017) making it 
difficult to detect through seismic or geochemical signatures (see
Supplementary Section 6 for more discussion). Nevertheless, our 
results highlight the potential importance of light precipitation for 
the core compositional evolution as well as the possibility of differ-
ent light elements being precipitated at different times in Earth’s 
history. We expect that with improved experimental and ab-initio 
results as well as a broad parameter space exploration, a modeling 
framework as outlined in this study can better help constrain the 
compositional evolution of the Earth’s core and its thermal history 
over its full lifetime.
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